The wear properties of Mg alloy AZ31 (Al 3%, Zn 1%, rest Mg) nanocomposites reinforced with multi-wall carbon nanotubes (MWCNTs) were studied by conducting experiments on pin-on-disc wear test apparatus. The composites were fabricated by powder metallurgy technique by homogeneously reinforcing variable percentages of MWCNTs (0.33 wt%, 0.66 wt%, and 1.0 wt%) into Mg alloy AZ31 matrix through mechanical alloying. The effect of varying percentages of MWCNTs on the wear properties of AZ31-MWCNT nanocomposites and the mechanism behind that were investigated through scanning electron microscope and energy dispersive spectroscope analysis. The microstructure investigation revealed that an increase in reinforcement of MWCNTs in AZ31 alloy increased the hardness and reduced the wear rate of the composites with 0.33 wt% and 0.66 wt% due to homogeneous distribution and high interfacial strength between AZ31 and MWCNTs. However, with the addition of 1.0 wt% MWCNTs to AZ31 alloy led to high agglomeration of MWCNTs, resulting in poor interfacial strength and weak bonding between AZ31 and conglomerated MWCNTs, subsequently increasing the wear rate.
Introduction
Magnesium matrix composites offer a variety of advantages over their monolithic counterpart due to improvements in stiffness, strength, thermal conductivity, and wear resistance. Several researches during last decade have shown that carbon nanotubes (CNTs) can considerably enhance the mechanical and conductive properties of polymer and ceramic matrix [1] [2] [3] . In polymer-CNT nanocomposites, the addition of CNT as reinforcement improves the strength of the polymer matrix by several times [4, 5] . However, compared with polymer-CNT and ceramic-CNT nanocomposites, metal-CNT nanocomposites have attracted less attention due to their inferior mechanical properties than expected [6] [7] [8] [9] . Even though several researchers have fabricated metal-CNT nanocomposites by powder metallurgy process including mixing of CNTs with metal powders followed by hot pressing, metal-CNT nanocomposites have failed to show anticipated enhancement of mechanical properties [10, 11] . In previous researches on metal-CNT nanocomposites, inferior mechanical properties are caused mainly by agglomeration of CNTs and low relative density of the nanocomposites, which ranged between 85% and 95%.
Cha et al. [12] developed the molecular-level process for homogeneous dispersion of CNTs in metal matrix and used spark plasma sintering process for highly densified metal-CNT nanocomposites. Although most investigations have focused on fabrication process and mechanical properties, very few studies have been reported on the wear properties of metal-CNT nanocomposites. Kagiarova et al. [13] investigated the friction and wear behavior of Si 3 N 4 / SiC nanoceramic composites against Si 3 N 4 ball using a pin-on-disc wear tester. The friction coefficient varied between 0.4 and 0.6 under the experimental conditions of varying loads of 10, 15, and 20 N with a sliding distance of 600, 900, and 1200 m and sliding speed of 0.1, 0.2, and 0.3 m/s. The erosive wear behavior of Al 2 O 3 /SiC nanocomposites was investigated by Davidge et al. [14] , and it was found that the dispersion of secondary SiC nanoparticles in polycrystalline alumina significantly reduced the wear rate, and smooth transgranular fracture paths were observed in the worn nanocomposites. Rodriguez et al. [15] studied the sliding wear properties of Al 2 O 3 / SiC nanocomposites by varying the grain size of SiC and found that intergranular fracture followed by grain pullout is noted to be the dominant wear mechanisms. Lee et al. [16] studied the tribological behavior of Al 2 O 3 /TiO 2 nanocomposites against Si 3 N 4 , carried out using a ballon-disc tribometer. The highest wear resistance was noted for 10 mol% of TiO 2 reinforcement and the governing wear mechanisms were abrasive and plastic deformation.
In the present study, the powders of matrix alloy AZ31 and reinforcement multi-wall CNTs (MWCNTs) were blended by a high-energy ball mill to homogeneously reinforce the MWCNTs in the AZ31 matrix through mechanical alloying. The specimens of Mg alloy AZ31 and AZ31-MWCNT composites were fabricated by powder metallurgy process, and the wear test was carried out using pin-on-disc equipment. The effect of MWCNTs on the wear properties of AZ31-MWCNT nanocomposites and the mechanism behind that were investigated through scanning electron microscope (SEM) and energy dispersive spectroscope (EDS) analysis and were compared with the monolithic AZ31 alloy.
Materials and methods
Magnesium (Mg) powder with 99.5% purity, Aluminium (Al) and Zinc (Zn) powder with 99% purity supplied by Neeraj Industries, Rohtak, Haryana, India was used as the matrix material. MWCNTs produced by Nanoshell (USA), supplied by Intelligent Materials Pvt. Ltd., Chandigarh, India was used as reinforcement material. Fabrication and characterization of the composites were carried out at Annamalai University, Chidambaram, Tamilnadu, India and PDVVP College of Engg., Ahmednagar, Maharshtra, India. Powder metallurgy process was used to synthesize both AZ31 alloy and AZ31-MWCNT nanocomposites. Three variations of the reinforcement material MWCNT, 0.33 wt%, 0.66 wt%, and 1 wt%, were added to the matrix of AZ31 alloy and blended using a high-energy ball mill for 2 h at a speed of 300 RPM. Tungston carbide balls were used with a ball-to-powder weight ratio of 5:1. The blended powders were checked through microstructure images of the SEM at 1 h, 1.5 h, and 2 h of ball milling, and it was found that mechanical alloying using high-energy ball milling has helped the MWCNTs to reinforce homogeneously into the AZ31 matrix.
The homogeneously blended powders with different variations of MWCNTs were compacted into cylindrical billets of 30-mm diameter, as shown in Figure 1 . The compacted specimens of AZ31 and AZ31-MWCNT composites were sintered at 630°C for 2 h in a tubular sintering furnace under inert atmosphere. Monolithic AZ31 alloy billets without MWCNTs were also fabricated by the same process. The sintered billets were hot extruded using an extrusion die and the pin specimens were prepared with flat ends, a diameter of 8 mm, and length of 20 mm. Pinon-disc-type wear tester TR20 DUCOM was used to study the wear characteristics of the samples with three different loads of 15.7N, 25.5N, and 35.32N at a sliding speed of 1.04 m/s in dry condition. The hardness was measured using Vickers hardness tester with a load setting of 5 KN and dual time of 15 s at five places on each sample, and the average was taken. Microstructure and EDS investigations of the samples were carried out using a Quanta 200-SEM. The friction force and the wear amounts were obtained through sliding tests, and the wear mechanism was investigated through SEM and EDS images. Finally, the experimental results of hardness, coefficient of friction, wear amount, and the microstructures of AZ31-MWCNT nanocomposites were compared with monolithic AZ31 alloy.
Results and discussion

Microstructure analysis
Mechanical alloying using ball-milling technique was effective in dispersing MWCNTs on the surface of the particles at the beginning of milling and within the particles after a few hours of milling. The microstructures of the ball-milled samples are shown in Figure 2 . It is observed from the images that during the process of ball milling, the powders collided with the grinding balls, creating high pulverization energy responsible for introducing lattice defects that caused the powder particles to deform plastically, as shown in Figure 2A . As the process continued, the powder particles fractured and the reinforcement particles were cold welded to the matrix particles; this occurred at the atomic scale. Further milling led to the enlargement of the forming particles with reinforcement as an intermediate phase appearing inside or at the surface of these particles, as shown in Figure 2B . SEM and EDS images of the AZ31-0.33 wt%, AZ31-0.66 wt%, and AZ31-1 wt% MWCNT nanocomposites obtained from the extruded samples are shown in Figures 3 and 4, respectively. The microstructure of sample of 0.33 wt% and 0.66 wt% MWCNTs revealed uniform homogeneity of MWCNTs in the AZ31 matrix; however, with the 1 wt% samples, agglomerations of MWCNTs were noticed and confirmed through the carbon peak of EDS image in Figure 4C . The EDS images also reveal the presence of a small amount of MgO due to oxidation during the ball milling and sintering processes. based on the previous studies [17] [18] [19] [20] . The SEM images shown in Figure 6 were used to analyze the characteristics of wear. The surface of the composites with 1 wt% MWCNT was severely deformed and abrasion was caused by the agglomerated MWCNTs into microdebris and large debris due to fatigue. These cracks grow and separate from the surface and become wear debris. The scars of plastic deformation by ploughing are evident in the areas of abrasive wear at the center area. When the hard surface slides on the soft surface or abrasive grits mounted on the top surface slide on the soft surface, these hard asperities or rigidly held grits pass over the surface like a cutting tool; this phenomenon is called "two-body abrasion." In case the hard surface is a third body, generally, a small particle of abrasive is caught between the two other surfaces and is sufficiently harder, so that it is able to abrade either one or both of the mating surfaces; this is called "three-body abrasion." However, the wear rate is more by two-body abrasion, as reported in previous studies [12, 21, 22] and also found in the present study with 1.0 wt% MWCNT composite. In case of 0.33 wt% and 0.66 wt% MWCNT composites, the MWCNTs were dispersed uniformly; hence, the wear rate was much less by three-body abrasion of minute particles.
Wear mechanism
Effect of hardness on wear
The hardness and wear rate of the nanocomposites according to MWCNT content are shown in Figure 7 . It is observed that the hardness increased with increasing MWCNT weight fraction into the AZ31 matrix. When the MWCNTs were reinforced up to 1 wt%, the hardness of the nanocomposite was higher than that of AZ31 without MWCNTs. When metal-CNT or ceramic-CNT nanocomposites are fabricated by molecular-level process, the chemical bonding formed between the MWCNTs and the matrix ions provides homogeneous distribution of MWCNTs as well as high interfacial strength [10, 23] . Therefore, it is confirmed that such remarkable enhancement of hardness by MWCNT reinforcement originated from the high interfacial strength at the Mg-MWCNT interface as well as due to the homogeneous distribution of MWCNTs at the molecular level by mechanical alloying within AZ31 matrix through ball milling. Owing to the increased hardness of composites with MWCNT compared with those with AZ31, it is believed that MWCNT plays an important role in hardness strengthening. If a small amount of MWCNT is added, the hardness of the composite increases because the MWCNTs fill the microvoids of the Mg particles. However, when a large amount of MWCNT is added, the excess MWCNTs that remain after filling the microvoids form conglomerates with the Mg particles. This conglomeration interrupts the sintering and causes defects [15, 16] . Based on these results, the higher the MWCNT content is, the amount of wear also increases due to the separation of conglomerated particles that have a weak bonding energy with the surface.
Conclusions
1. Powder metallurgy technique followed by mechanical alloying through high-energy ball milling was found to be effective in uniform distribution and homogeneous reinforcement of MWCNTs in AZ31 matrix and fabrication of Mg alloy AZ31-MWCNT nanocomposites. 2. The hardness and wear resistance of fabricated AZ31-MWCNT nanocomposites were found to be significantly increased with an increase in the fraction of MWCNTs up to 0.66 wt%. The remarkable enhancement of hardness originated from the homogeneously distributed MWCNTs in the AZ31 matrix, and high interfacial strength at the interfaces enhances wear resistance by retarding the peeling of AZ31 grains during the sliding wear process. 3. Addition of 1.0 wt% MWCNTs to the AZ31 matrix results in high agglomeration of MWCNTs and increases the wear rate due to poor interfacial strength and weak bonding between the matrix and conglomerated MWCNTs. 4. It is concluded that the homogeneous distribution of MWCNTs with sound interface in the AZ31 matrix is an important technological issue to enhance the mechanical behavior and wear resistance of AZ31-MWCNT nanocomposite. 
